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Soil represents the principal environmental reservoir of many insect-pathogenic viruses. We compared the
adsorption and infectivity of one occluded and two nonoccluded viruses, Helicoverpa armigera single nucleopolyhe-
drovirus (HaSNPV) (Baculoviridae), Cricket paralysis virus (CrPV) (Dicistroviridae), and Invertebrate iridescent virus 6
(IIV-6) (Iridoviridae), respectively, in mixtures with a selection of soil-forming minerals. The relative infective titers
of HaSNPV and CrPV were unchanged or slightly reduced in the presence of different minerals compared to their
titers in the absence of the mineral. In contrast, the infective titer of IIV-6 varied according to the mineral being
tested. In adsorption studies, over 98% of HaSNPV occlusion bodies were adsorbed by all the minerals, and a
particularly high affinity was observed with ferric oxide, attapulgite, and kaolinite. In contrast, the adsorption of
CrPV and IIV-6 differed markedly with mineral type, with low affinity to bentonites and high affinity to ferric oxide
and kaolinite. We conclude that interactions between soil-forming minerals and insect viruses appear to be most
important in nucleopolyhedroviruses, followed by invertebrate iridescent viruses, and least important in CrPV,
which may reflect the ecology of these pathogens. Moreover, soils with a high content of iron oxides or kaolinite
would likely represent highly effective reservoirs for insect-pathogenic viruses.
Soil represents the principal environmental reservoir of
many insect-pathogenic viruses. As such, the transfer of virus
to plant surfaces is an important part in the initiation of new
cycles of infection (16). Such new infections can in turn lead to
epizootics that have major impacts on the population dynamics
of insect defoliators (20). The mechanisms for the transfer of
virus from soil to plant surfaces have been little studied, but
there are indications that the virus is transferred in association
with particulate matter from soil (16, 30, 48). The interactions
between soil components and virus particles are likely to be
even more important for soil-dwelling insect pests such as
cutworms (e.g., Agrotis spp.), leatherjackets (e.g., Tipula spp.),
and white grubs (e.g., Phyllophaga spp.).
The stability of virus in the soil may also be important for the
efficacy of insect-pathogenic viruses used as biological insecti-
cides (22). Moreover, the quantification of soil-virus interac-
tions has clear relevance to the evaluation of ecological risks
posed by the use of recombinant virus insecticides that have
been genetically modified for increased virulence (17, 35). As
one of the main components of soils, interest has focused on
clay minerals due to their very high surface area/volume ratio
and their high affinity for adsorption of virus particles (2, 19).
For this study, we selected three viruses that differ in their
surface structure and their ability to persist outside of the host
insect. Nucleopolyhedroviruses (NPVs) (Helicoverpa armigera
single nucleopolyhedrovirus [HaSNPV]; genus Nucleopolyhedro-
virus; family Baculoviridae) are double-stranded DNA (dsDNA)
viruses with virions that contain single or multiple nucleocapsids
within a single envelope (42). The virions are occluded into large
proteinaceous occlusion bodies (OBs) with a 1- to 2-m diameter
that possess an outer envelope, comprised primarily of mucopoly-
saccharides, which is not required for infectivity (37). Dicistro-
viruses (Cricket paralysis virus [CrPV]; genus Cripavirus; family
Dicistroviridae) are small single-stranded RNA-containing viruses,
30 nm in diameter, with structural similarities to picornaviruses
(7). The external surface of CrPV is formed entirely of three
structural proteins of 28 to 37 kDa. Invertebrate iridescent viruses
(IIVs) (Invertebrate iridescent virus 6 [IIV-6]; genus Iridovirus; fam-
ily Iridoviridae) have icosahedral particles with a 130-nm diam-
eter and contain a dsDNA genome (5). The capsid consists of
trimers of the major capsid protein of 50 kDa (45), and a fringe
of fibrilar extensions of the capsomer subunits on the exterior
surface of several IIVs has been described previously (46). Al-
though IIVs have an internal lipid envelope and are much less
stable in response to organic solvents than CrPV (27), both vi-
ruses have a proteinaceous external surface that is in contrast with
the carbohydrate-like external surface of NPVs.
Numerous studies have examined the role of clays and
other minerals in the adsorption of bacteriophages and
pathogenic viruses of humans and livestock (4, 14, 24, 25, 26,
39, 41, 44), whereas this subject remains unstudied for vi-
ruses that infect insects. To better understand the potential
interactions of insect-pathogenic viruses with the soil envi-
ronment, we aimed to compare the adsorption and infectiv-
ity of these three viruses in mixtures with a range of different
soil-forming minerals.
MATERIALS AND METHODS
Viruses. Isolate A44EB1 of HaSNPV was grown in H. armigera larvae and
purified as described previously (36). The OB concentration of the virus prepa-
ration was estimated using a Petroff-Hausser counting chamber and phase-
contrast microscopy. The working suspension of HaSNPV was stored at a con-
centration of 1  109 OBs/ml at 4°C. The isolate of CrPV used in this study was
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the cloned CrPVVIC isolate described previously by Johnson and Christian (23).
The virus was grown in Drosophila line 2 (DL2) cells and stored as a semipurified
preparation in aliquots at 20°C until use. The titer of the experimental prep-
aration was 5  109 infectious units/ml. IIV-6 was produced by injection into
third- and fourth-instar Galleria mellonella larvae as described elsewhere previ-
ously (10). The virus was semipurified, filtered through a 0.44-m filter, and
stored in aliquots at 20°C until use. The titer of the experimental preparation
was 5  109 infectious units/ml.
Insect cell lines. Spodoptera frugiperda cells (Sf9 cells) were maintained in
Grace’s medium (Sigma Cell Culture, St. Louis, Mo.) supplemented with 10%
fetal calf serum (Commonwealth Serum Laboratories, Melbourne, Australia),
2 mM glutamine, penicillin (50 units/ml), and streptomycin (50 g/ml). DL2
cells were maintained on Schneider’s medium (Sigma Cell Culture) supple-
mented with 10% fetal calf serum, glutamine, and antibiotics as described
above. Both cell lines were maintained at 27  1°C and were subcultured at
weekly intervals.
Soil-forming minerals. Clay minerals for testing were selected on the basis of
availability and evidence of virus binding properties in preliminary studies (A. R.
Richards and P. Christian, unpublished data). The minerals selected were aluminum
hydroxide {also known as gibbsite [Al(OH)3]} attapulgite (Atta) {also known as
palygorskite, a hydrous magnesium aluminum silicate [(Mg,Al)5(Si,Al)8O20(OH)2 ·
8H2O]}, two samples of bentonite {an impure aluminum phyllosilicate clay consist-
ing mostly of montmorillonite [(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2 · nH2O]}, two
samples of ferric oxide (Fe2O3), illite (Ill) {a nonexpanding micaceous phyllosilicate,
(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]}, two samples of kaolinite {a
dioctahedral phyllosilicate [Al2Si2O5(OH)4]}, and talc {hydrated magnesium
silicate [H2Mg3(SiO3)4 or Mg3Si4O10(OH)2]}. These minerals were obtained
from commercial chemical suppliers and a soil research laboratory (Table 1).
Activity assays. For CrPV and IIV-6, the titer of infectious virus was estimated
using a 50% tissue culture infectious dose assay. Tenfold serial dilutions were
used in all assays, and titers were calculated using the methodology of Reed and
Muench (32). Larvae of H. armigera were obtained from a laboratory colony
(strain AN02) reared from hatching at 25°C, with 50% relative humidity, on an
artificial diet based on wheat germ, soy flour, and yeast (6). Bioassays of HaSNPV
in H. armigera larvae were done by diet-surface contamination (21) and were
carried out in plastic J2 jelly trays (Nu-trend containers). The artificial diet used
for bioassays was formaldehyde free. After surface contamination, the diet was
allowed to dry before a single 24-h-old larva was placed in each cell, sealed with
Mylar film (Dupont) and perforated for ventilation. Twenty-five insects were
used for each dilution. Insects were maintained at 30  1°C throughout the test,
and virus mortality was assessed at 10 days postinoculation. Larvae that had
failed to feed by 5 days postestablishment were excluded from the assays. Each
assay was performed three to five times.
Virus-mineral interactions. For HaSNPV, 1 107 OBs were mixed with 10 ml
of a 10-mg/ml suspension of the appropriate mineral in distilled water, and
immediately after mixing, a small sample of the mineral-virus suspension was
removed for assay, and the remainder was incubated at 25°C for 1 h. The clay was
then flocculated using Magnafloc LT25 (Ciba Specialty Chemicals, Wyong, Aus-
tralia), and a proprietary high-molecular-weight flocculant developed for the
treatment of drinking water, at a final concentration of 2.5 mg/liter, and allowed
to settle for 1 h. Dilutions were made from the unflocculated phase and assayed
against H. armigera larvae as described above. Controls consisting of 1  107
OBs/ml in distilled water were treated with flocculant as described above or were
left untreated and were set up alongside the mineral treatments and assayed as
positive controls. Magnafloc LT25 caused no discernible flocculation of virus in
the absence of the minerals.
To calculate the amount of virus in the assayed sample, only dilutions that gave
mortalities of between 20% and 80% were used. The mortality was used to
extrapolate an estimate of virus concentration from a standard calibration curve.
As the dilution and the volume applied to each cell of the jelly tray were known,
it was possible to estimate the number of OBs that remained in the original
postflocculation supernatant. The standard calibration curve was generated using
the following concentrations of HaSNPV: 12.98, 2.59, 0.519, and 0.130 OBs/mm2
of diet surface. A minimum of 10 replicates, each based on 25 insects/concen-
tration, were performed for each concentration. Results were subjected to probit
analysis using the PC-Polo program (LeOra Software, CA). The 50% lethal
concentration of HaSNPV determined from the calibration curve was 0.47 OBs/
mm2 (95% confidence interval, 0.38 to 0.57; slope  standard error, 1.498 
0.069; 2  2.43).
For CrPV, 100 l of the standard preparation was mixed with 900 l of the clay
suspension at a concentration 10 mg/ml in phosphate-buffered saline. A 100-l
volume was immediately removed for titration. An untreated control consisting
of the virus at the same concentration in phosphate-buffered saline was prepared
and assayed alongside treated samples. The remaining clay plus the virus sus-
pension were treated with Magnafloc LT25, incubated at room temperature for
1 h, and then centrifuged at 16,000  g for 3 min. Tenfold dilutions were made
from the unflocculated phase and titrated in DL2 cells. For IIV-6, the same
procedure was followed as for CrPV, except that pelleting of the flocculated
clay-and-virus complex was performed at 800  g for 3 min. Titrations were
carried out in Sf9 cells.
Estimation of clay concentrations. Suspensions of the clay minerals (10
mg/ml) were allowed to settle for 5 min at room temperature, and the
suspended mineral was collected. The weight of suspended clay particles was
then estimated gravimetrically based on a 10-ml sample dried to constant
weight in an oven at 60°C. A calibration curve was constructed by measuring
the optical density at 600 nm of a series of diluted mineral suspensions in a
Jenway 6505 spectrophotometer. To estimate the concentration of clay re-
maining in the unflocculated phase of a sample, the optical density at 600 nm
was measured, and the mineral concentration was extrapolated from the
calibration curve for that mineral.
Statistical analysis. The loge proportion of virus activity that remained unad-
sorbed 1 h after incubation with clay minerals was subjected to analysis of
variance using the GLIM statistical program (15). In all cases, deviations be-
tween observed and fitted values were examined using the model-checking macro
present in the GLIM program. Mean values were compared for each mineral
tested by t test (11). Comparisons between different viruses were not performed
due to the differences in methodologies and the sensitivity of the assay tech-
niques for each virus, as described above.
TABLE 1. Origin and classification of minerals used in the present study along with the relative activity of each of the three viruses
in the presence of the mineral and the flocculation efficiency of the mineral
Mineral (sample no.) Abbreviation Sourcea
Relative activityb %
UnflocculatedcHaNPV CrPV IIV-6
Aluminum hydroxide AlOH Merck Pty. Ltd., Australia 0.87 1.02 2.36 0.55
Attapulgite Atta Mallina Holdings, Australia 1.02 0.93 2.96 0.26
Bentonite (1) Ben-1 American Colloid Company, Volclay premium gel 0.39 1.18 1.23 DNF
Bentonite (2) Ben-2 Sigma-Aldrich Chemical Co. 0.75 1.39 0.50 DNF
Ferric oxide (1) Fer-1 CSIRO 1.24 0.76 0.87 ND
Ferric oxide (2) Fer-2 BDH Chemicals, Australia ND ND 1.11 0.61
Illite Ill CSIRO 0.64 1.13 2.22 0.36
Kaolinite (1) Kao-1 CSIRO, Georgia cream crude 0.36 0.87 1.08 0.44
Kaolinite (2) Kao-2 Sigma-Aldrich Chemical Co. 0.56 1.08 1.99 0.76
Talc Talc Sigma-Aldrich Chemical Co. 0.91 1.20 5.06 1.86
a CSIRO Soil Laboratory, Adelaide, Australia.
b Calculated as the proportion of activity in the presence of the clay relative to that without the mineral present.
c Flocculation efficiency of the mineral is expressed as the percentage of a 10-mg/ml suspension of mineral that was not flocculated by 2.5 mg/liter of Magnafloc LT25
at 25°C for 1 h. DNF, does not flocculate; ND, not determined.
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RESULTS
The titer of each of the viruses was assessed in the presence
of each of the minerals and expressed relative to that of the
untreated control (Table 1). For HaSNPV, the relative activity
of the virus in the presence of the mineral was usually close to
1.0, except in the case of bentonite sample 1 (Ben-1), kaolinite
sample 1 (Kao-1), and Kao-2, where the relative activity was
reduced, indicating an inhibition of HaSNPV activity in the
presence of the mineral. Similarly, for CrPV, the relative ac-
tivity of the virus in the presence of all minerals was close to
1.0. In contrast, for IIV-6, the relative activity of the virus was
lowered in the presence of Ben-2, close to 1.0 for Fer-1, Fer-2,
and Kao-1, and close to or greater than 2.0 for the remaining
minerals (AlOH, Atta, Ben-1, Ill, Kao-2, and talc), indicating
increased activity in the presence of these compounds.
In the adsorption studies, for HaSNPV, the proportion of
virus activity that remained in the suspension ranged from 0.12
to 1.83%, indicating that over 98% of the virus was adsorbed
by all the minerals. Clearly, HaNPV showed a high affinity for
all the minerals tested, particularly Fer-1, Atta, Kao-1, and
Kao-2 (Fig. 1A). A slightly lower affinity for AlOH, Ill, and talc
was observed. Overall, mineral type accounted for 72% of the
total variance in nonadsorbed HaSNPV activity (F 11.7; df 6,
28; P 	 0.001).
In contrast, the adsorption of CrPV differed markedly with
mineral type (Fig. 1B), which accounted for 94% of the vari-
ance in unbound CrPV activity (F  50.1, df  8, 26; P 	
0.001). Adsorption of CrPV to AlOH, Ben-1, and Ben-2, talc,
and Kao-1 was low, with the mean proportion of unbound virus
representing between 53% (Ben-1) and 103% (Ben-2) of the
original virus activity. In contrast, adsorption to Fer-1 and
Kao-2 was extremely high, approaching the limits of detection
of the assay system. Affinity to Ill and Atta was intermediate,
with a mean of 5.1 and 8.6% of the original virus activity
remaining unbound, respectively (Fig. 1B).
IIV-6 showed intermediate or high affinity for all the min-
erals tested, with the exception of the bentonites (Ben-1 and
Ben-2) (Fig. 1C). Mineral type accounted for 89% of the vari-
ance in unbound virus activity (F 20.9, df 9, 23; P	 0.001).
The highest affinity was observed in the case of the kaolinites
(Kao-1 and Kao-2), followed by Fer-1, talc, and Atta. Binding
to Ill, Fer-2, and AlOH was lower, with 5.3, 5.8, and 13.1% of
the virus activity remaining unbound, respectively. Affinity to
the bentonites (Ben-1 and Ben-2) was particularly weak, with
69 to 87% of the original virus activity remaining nonadsorbed
after 1 h.
DISCUSSION
The three viruses used in the current study provided a se-
lection of the structural paradigms found among the insect-
pathogenic viruses. HaSNPV is a representative of the oc-
cluded viruses, which also include the cypoviruses (Reoviridae)
and entomopoxviruses (Poxviridae), whereas CrPV and IIV-6
are nonoccluded viruses with an outer capsid composed en-
tirely of proteins. The only category not represented was the
enveloped insect viruses that have an outer lipid membrane,
such as rhabdoviruses (e.g., sigma virus of Drosophila melano-
gaster) or the taxonomically unassigned nudiviruses (3).
Assays of virus activity in the presence of mineral suspen-
sions revealed that certain minerals altered the infectivity of
the nucleopolyhedrovirus and the iridovirus but did not affect
CrPV activity. Why this should have occurred is unclear. A
comparison of Kao-2 and talc, which reduced HaSNPV activity
but increased IIV-6 activity, indicates that these interactions
FIG. 1. Mean (standard deviation) loge proportion of virus re-
maining nonadsorbed to different minerals after 1 h of incubation for
(A) HaSNPV, (B) CrPV, and (C) IIV-6. In all cases, unbound virus
activity was compared to mineral-bound virus activity and found to
correspond precisely to the reciprocal of the unbound fraction. Col-
umn headings with the same letter are not significantly different for
comparisons of each virus incubated with different minerals (t test in
GLIM, P 
 0.05). Numbers in parentheses indicate the number of
replicate observations for each mineral tested. A single outlier was
eliminated from the analysis of CrPV binding to talc. ND, not deter-
mined.
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are both mineral and virus specific. For example, increased and
decreased activities of IIV-6 were observed in the presence of
Ben-1 and Ben-2, respectively. Altered infectivity was not cor-
related with the prevalence of adsorption for particular min-
erals for any of the viruses tested. Previous studies with mam-
malian viruses also reported increased virus infectivity in the
presence of the mineral. The authors of those studies specu-
lated that virus adsorbed to clays may result in improved pre-
sentation to cells either by improved proximity to the host cell
(39) or because virus binding to charged surfaces induces con-
formational changes in surface proteins, resulting in altered
infectivity (25). Others previously suggested that cells may ac-
quire infection by phagocytosis of virus-contaminated clay par-
ticles (9) or that mineral electrostatic forces may disperse virus
aggregates, resulting in higher effective titers (25).
Patterns of adsorption to the minerals studied differed mark-
edly for each type of virus. The NPV displayed a consistently
high affinity for all the minerals tested, whereas the IIV dis-
played a moderate to high affinity for all minerals except the
bentonites. In contrast, CrPV showed a low affinity for about
half of the minerals tested but very high affinity for ferric oxide
and for one of the kaolinites used but not the other kaolinite.
This indicates that minor differences in clay composition may
strongly affect the magnitude of virus adsorption.
Interestingly, both CrPV and IIV-6 showed low levels of
adsorption to both of the bentonites used in the study. Unfortu-
nately, it was not possible to test these minerals with HaSNPV
because they did not flocculate with the reagent employed or
with several other flocculants tested (data not shown). More-
over, these clays could not be removed from suspension by
centrifugation because both bentonites had a particle size/
buoyant density similar to that of the nucleopolyhedrovirus
OBs; i.e., unbound virus and mineral would pellet together.
Most clay minerals have a negative surface charge at a nearly
neutral pH and would hence be expected to adsorb biomol-
ecules such as viruses that carry a positive surface charge.
However, while this was found to be the overall case in the
present study, there were important anomalies inasmuch as the
bentonites did not adsorb either of the nonoccluded viruses
that we tested. This is surprising considering that several other
studies reported bentonite adsorption to other viruses, includ-
ing picornaviruses, coronaviruses, and reoviruses (9, 28, 29).
These are all nonoccluded viruses with a naked (unenveloped)
proteinaceous coat. Such results confirm that there is not a
simple relationship between the net surface charge of the min-
eral (receptor) and the virus (acceptor) and that complex elec-
trostatic forces (4) and physicochemical characteristics, such as
the pH of the medium and the presence of cations, play a
crucial role in virus adsorption to clays (24, 40, 41). Because of
this, our experiments were performed at a nearly neutral pH,
typical of the pH of many agricultural soils.
These results have a number of practical implications, par-
ticularly in ecological terms. First, the NPV appears likely to be
adsorbed strongly by almost any type of soil. Strong adsorption
and temporal stability of NPV OBs in different types of soils
have been reported for a number of baculoviruses, both nucleo-
polyhedroviruses, and granuloviruses (22). In this respect, soil
pH, temperature, and microbial activity are known to be im-
portant factors that affect the rate of deactivation of NPVs (13,
31). Second, CrPV-soil interactions appear to be of a lower
magnitude than those of NPV, except for the minerals Fer-1
and kaolinite. Little is known about the role of soil in the
survival of CrPV, although CrPV infections can occasionally
devastate populations of soil-dwelling crickets (33). Third,
IIV-6 interactions are likely to depend on soil type. Studies on
IIV-6 survival in a sandy-loam soil (17% clay of unknown type)
indicated that soil moisture was the principal determinant of
virus persistence; the half-life in moist and wet soils was about
5 days, but the virus remained readily detectable 3 months
after the start of the experiment (34). Previous studies have
reported enhanced survival of human, fish, and bacterial vi-
ruses in the presence of clay minerals (18, 38, 40, 47). Clays can
effectively protect viruses from inactivation by solar UV light
(1, 43), a major limitation in the successful use of insect viruses
as biological pesticides (12). More importantly, for all viruses
tested, the presence of iron oxides is likely to be highly influ-
ential on virus survival. Iron oxides have been identified as
binding strongly to noninsect viruses (8, 28, 29), and the col-
lection of field samples for analysis is greatly facilitated by the
brick-red color that these compounds impart to the soil.
In conclusion, interactions between soil-forming minerals
and virus appear to be most important in NPVs, followed by
IIVs, and least important in CrPV. This is likely to reflect the
ecology of the viruses and the nature of the habitats of their
respective insect hosts. From the results of this study, we hy-
pothesize that soils with a high content of iron oxides or kao-
linite would likely form reservoirs for insect-pathogenic viruses
that are more effective than soils rich in bentonites and those
lacking iron oxides.
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